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Abstract 
The results of simulation in the scale models of buildings allowed determining how the air flow speed and direction changes 
within the street space with various build-up patterns. It was found out that planning conditions cause formation of reverse 
circulation zones in street canyons due to stationary vortices and, consequently, a high air pollution with the exhaust from motor 
vehicles. Guidelines are provided for ensuring proper ventilation conditions within urban street space and for preventing 
dangerous air pollution taking into account closed air circulation. 
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1. Introduction 
In town-planning practice, ventilation conditions in urban territories are determined individually for different 
geographical areas, based on the initial wind speed, taking into account, mainly, the physiological criteria and the 
ambient air quality. 
In the general case, wind speed change in any given point i in the urban territory, according to the theoretical 
model of air flow transportation by F. L. Serebrovskii [1], assuming three-stage gradation of underlying terrain 
roughness, occurs in the lowest layer of the urban environment: 
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where u0 is the wind speed at the weather station; Ĳ1, Ĳ2, Ĳ3, Ĳ4 are transformation factors that correspond to, the 
effect of: the major natural unevenness elements of the terrain whose tallness is more than twice that of the average-
tall buildings, referred to as hyper-roughnesses (Ĳ1), the built-up area as a whole (Ĳ2) and separate buildings and 
structures (Ĳ3), referred to as macro-roughnesses, and minor unevenness elements like ground unevenness, lawns, 
passageways, walkways, shrubberies, etc., referred to as micro-roughnesses (Ĳ4).  
In town-planning decision making, the above factors as ventilation regulators should be used as fully as possible. 
On-site measurements in major cities have shown that the concentration of the worst air-pollutants in the motor 
vehicle exhaust decreases by 70 to 90% at wind speed at 3 to 5mps which doesn’t exceed the man’s comfortable 
level concerning warmth index [2]. 
The effect of wind speed on CO concentration is determined as correlation ratio r lying within 0.7 to 0.8. It is 
commensurable with the effect of traffic intensity (r = 0,85–0,9) and of the building height to street width ratio (r = 
0,6–0,7) [3]. 
The main special characteristic of a street is its prolonged shape in plan view, with typical compositional 
grouping of buildings of varying height and length along the street whose effect on air flow speed change is 
determined, according to (1), by transformation factor Ĳ3. 
In turn, these elements are part to higher-level arrangement patterns within the planning area [1, 4-7]. Those 
arrangements make a macro-roughness expressed by transformation factor Ĳ2. 
In the areas where the buildings are packed tightly along a relatively narrow street, the situation occurs when the 
two opposite rows of buildings make a semi-closed space similar to a narrow canyon which constitutes a major 
environmental problem from the point of view of insolation, ventilation and ambient air pollution [8-10]. 
To enable the analysis of the air flow transformations that may be caused by certain prospective arrangements of 
buildings and the consequent changes of the initial pollutant concentrations above the street surface, it is necessary 
to determine the functional dependencies of wind on the street width and building density. 
For this purpose, it is important to find the planning patterns that cause the zones of vortices at separate buildings 
to merge into a united domain of closed air circulation that includes the whole street space and results in increased 
air pollution in that space. 
2. Methods used in the experiment 
According to the objectives, an anemometric survey was made in a testing ground for large-scale modeling of urban 
built-up areas. The models used in the experiment were made of thin woodboards at the scale of 1 to 20. The 
buildings were made of separate sections with height/length/width ratio of 1/0.9/0.8 to simulate a 300-meter street 
fragment (Fig.1). 
 
Fig. 1. PositionS the wind speed measurement points across the street cross-section. k is the wind speed value in the measurement points as 
relative to the wind speed on the open terrain. L, B, H are, correspondingly: distance from the windward façade of the upwind building (or the 
leeward façade of the downwind building) to the measurement points; street width between the facing façades; the average building height. 
Distances are under the ground line, in meters. Signature numbers of the measurement points are above the ground line. 
2051 V.V. Balakin and V.F. Sidorenko /  Procedia Engineering  150 ( 2016 )  2049 – 2054 
Assuming such changes of the linear dimensions of the parallelepiped-shaped geometrical bodies, Reynolds 
number varies widely (103<Re<106), and self-similarity is present when the air flow wraps them. 
Wind speed measurements were performed with cup anemometers MS-13 across the street cross-section and 
along the street axis, at the middle of the facades and at the gaps between the buildings, at the height of 0.1m. The 
necessary number of wind sped remeasurements in each point was determined after trial measurements. At the 
adopted experimental accuracy of 95%, the required number of remeasurements was 7. 
To determine the vertical distribution of wind speed, a mast was set up at the edge of the ground, with 
anemometers fixed on it at the heights of 0.1, 1, 2, 3, and 4m (points 1 through 5 in Fig. 1). The results of 
synchronous measurements confirmed the logarithmic profile of wind speed. 
The angle between the air flow direction and the street axis during the experiment was close to 90°. Measurement 
durations were adopted to be 1 to 2 minutes, depending on the current wind speed. 
3. Results and discussion 
By processing the instrumental data, the wind speed transformation factors Ĳ3 caused by the build-up elements 
along the street axis have been calculated, and correlation graphs were plotted (see Fig. 2). 
The value of į defines the “wind permeability” of the given building arrangement in the street: 
1 /j pl LG 6  ,  (2) 
where  lj is the total length of the buildings along the two sides of the street fragment; Lp is the ground-level 
perimeter of the street fragment in question. 
One of the most significant parameters that is widely used in studies of air flow character in street canyons is the 
ratio of the height of the buildings framing the street to the distance between their facing façades (H/B) [11]. With 
the air flow across parallel buildings, their width is also very significant for shaping the general circulation zone 
[12]. 
On that ground, we adopt the generalizing geometrical criterion z introduced by E. Y. Retter [6] that defines the 
outer dimensions of the cross-section of a street: 
/z b H ,  (3) 
where b is the distance from the windward façade of the upwind building to the central axis of the street space 
between the buildings. 
We can express H/B in terms of z for the type of buildings used in the experiment. Since, for the adopted width of the 
buildings, 
0,8 0,5b H B  ,  (4) 
then, according to (3), 
1/ 2 –1,( )6H B z  .  (5) 
The test results around the models show that, with varying building density, the conditions are advantageous for 
preserving, and even increasing, the wind speed. This effect is especially well pronounced when there are wider 
gaps between the separate buildings at the upwind side which make the dependence of the ventilation conditions on 
the street width insignificant (curve 1 in Fig. 2). 
The wind speed preserves, and even increases to some extent, at values of z=1.3…2.3, or B=1…3H in streets 
built up with multi-sectional buildings (l 2l0), as curves 5 to 7 in Fig. 2 show. 
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This is quite in agreement with the results of other similar experiments [11-14] where significant gradient of wind 
speed is found near the building walls with the distance between the facing façades 2…3H, on account of a stable 
vortex between them. 
 
Fig. 2. Dependancy of the wind speed transformation factor changes at the height of 2m above the streetway on parameter z, with the ratio of the 
gaps between the buildings į: 1 – 0,64 (l = l0; lɪ = 2ul0); 2 – 0,47 (l = l0; lɪ = l0); 3 – 0,30 (l = 2ul0; lɪ = l0); 4 – 0,46 (l = 2ul0; lɪ = 2ul0); 5 – 0,21 (l 
= 3ul0; lɪ = l0); 6 – 0,16 (l = 4ul0; lɪ = l0); 7 – 0 (l = L0 = 20ul0); lɪ = 0), where l is the length of the buildings along the street (15m); l0  is the length 
of one section of a residential building; lɪ is the length of the gap between the buildings; L0 is the length of the street segment in question. 
As is shown in the work by Uehara and others [15], where air flow visualization was implemented, a strong 
stable enclosed vortex occurs when the ratio of the distance between the buildings to the street canyon height B/H= 
1…2, which corresponds to z=1.3…1.8. When the air flow meets the downwind building, a part of it is diverted into 
the canyon, goes down to the ground and further in the direction of the upwind building, as compensation for the 
loss of the air carried away by the main wind flow at the top of the canyon [16]. 
According to our data, recirculation vortices of varying intensity occur between the buildings when z=1.1…2.3 
(a in Fig. 2), when, instead of separate narrow (along the street) buildings, the street is built up with longer 2- and 3-
section buildings, with gaps of 15m between them (curves 2, 3, and 5 in Fig. 2). They also occur when building 
density along the street increases (curves 3 and 4 in Fig. 2). 
In such cases, the wind flow transformation over the built-up area causes the envelope flowover, according to the 
classification given in the works by T. R. Oke [17], L. J. Hunter and others [18], J.-F. Sini and others [19]. In the 
value area of z as given above, and within the area where the bend direction of curves 1 through 7 doesn’t change, 
stable recirculation vortices occur in the narrow space between the buildings [13, 14]. 
In the value range of z between 2.3 to 3.8 (B=3…6H), there is a local minimum of the wind speed because, 
according to [6], the turbulent air flows occurring near the buildings on the downwind side of the street give some of 
their kinetic energy to the windward walls of the downwind row of buildings (b in Fig. 2). 
In this case, the air flow assumes turbulent jet flowover character on the roughness elements [17-19] where the 
wind speed decreases in the middle of the street width due to the interaction of the two vortices. The air flow divides 
so that there is a low-pressure recirculation vortex behind the upwind building, and a high-pressure closed vortex 
before the downwind building [18]. 
As seen from the character of the curves in Figure 2, the downwind building gets into the zone of the 
recirculation vortex occurring behind the upwind building when the criterion z increases above its critical value of 
2.3 which corresponds to the point where curves 1 through 7 change their bend direction. 
As the street width increases further, the oncoming air flow gradually restores its trajectory after meeting with 
each of the building. At z>3.8, or B > 6H, (v in Fig. 2) the wind speed is observed to increase in streets with various 
2053 V.V. Balakin and V.F. Sidorenko /  Procedia Engineering  150 ( 2016 )  2049 – 2054 
building density, and at z>6, or B > 10H, the flow regime corresponds to independent flowover on each of the 
separate buildings [17-19]. 
However, as we follow the curves in Fig 2, it can be seen that, as the building density along the sides of the street 
varies, the wind speed decreases regardless of the street width, be the flowover regime of turbulent jet character or 
of envelope or isolated character. 
For instance, curves 2 and 4 show that, with gaps between the building practically the same, the wind speed 
reduction rate is higher with the street built up with separate shorter (along the street) buildings that with 2-section 
buildings. Ibidem, comparing curves 1 and 2, one can easily see that, at street of width 3H built up with buildings 
narrow along the sides of the street, wind speed reduction of 30% can be achieved by halving the gaps between the 
narrow buildings. 
Measurements at different parts of the models have also shown that the effect of wind speed reduction above the 
streetway by the buildings is more pronounced near the gaps between the buildings than in the middle of their 
façades. 
This can be accounted for by horizontal small vortices appearing, and gradualy increasing in number, at the 
corners of the buildings as the gaps between them widen, and the “wind permeability” of the rows increases. Those 
twin closed vortices that form at the back corners of the buildings are of significance in distribution of air pollutants 
near the buildings [11]. Hoydysh and Dabberdt have shown [20] how the advective flows from the corners of a 
building to its middle that occur due to the twin lateral vortices cause formation of bubbles of high pollutant 
concentration near the middle of the building. 
The danger of increased air pollution in the street canyon due to closed circulation can be prevented by using 
buildings that are narrow along the street, with wider gaps between them (curve 1 in Fig. 2) or by increasing the 
street width B above 9…10H (at z>5.3…5.8). In that case, the buildings do not affect the wind speed within the 
street space, and the closed vortices between the buildings do not occur. 
A similar result was obtained when studying air pollution in industrial sites, where the length of the united 
circulation zone between two parallel buildings was limited to its critical value of 10H [12]. When this value 
increases further, this zone falls into two parts: the leeward zone after the upwind building and the windward zone in 
front of the downwind building. After that, the buildings are to be considered as standalone. 
In such cases, the impact from the buildings on the air flow speed within the street space will be revealed as the 
impact of a built-up are as a whole, which impact must be taken into account in calculations for the ventilation of 
urban territories by determining the value of the partial transformation factor Ĳ2 reflecting the impact of macro-
roughnesses of the surface, over which air flows of vortical, jet and more complex nature occur. 
4. Summary and conclusions 
The results of this work confirm that the character of development has the leading effect on the wind conditions 
and on the initial concentrations of air pollutants in street canyons. Keeping the expected levels of air pollution 
down to the environmental standards in newly developed areas along the main thoroughfare streets may be achieved 
the ventilation conditions are optimized by means of proper planning and development practices. 
In order to minimize damage to health for the residents living along the heavy-traffic streets, it is necessary to use 
complex approach to assessing the quality of housing environment, which includes prognostication and health-
related assessment of the ventilation conditions and air pollution  in major thoroughfare streets [21]. For this 
purpose, the initial wind speed, the street width (as relative to the heights of the buildings), and the building density 
are to be taken into account as the leading factors. 
Factors of wind transformation conditioned by flowover on residential buildings, as given in this work, as well as 
the wide variety of planning and development methods used in city development [1, 4-7, 22], offer ample 
possibilities for controlling the ventilation conditions in urban streets in order to prevent air pollution and ensure 
protection from strong cold winds (over 5mps) or preserve the initial wind speed. 
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